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 Abstract  
This paper describes the first steps towards comprehensive characterisation of molecular transport 
within scaffolds for tissue engineering.  The scaffolds were fabricated using a novel melt electro-
spinning technique capable of constructing 3d lattices of layered polymer fibres with well-defined 
internal micro-architectures.  The general morphology and structure order was then determined 
using T2 weighted magnetic resonance imaging and X-Ray micro-tomography (μCT).  Diffusion tensor 
micro-imaging (μDTI) was used to measure the time-dependent diffusivity and diffusion anisotropy 
within the scaffolds.  The measured diffusion tensors were anisotropic and consistent with the cross-
hatched geometry of the scaffolds: diffusion was least restricted in the direction perpendicular to 
the fibre layers.  The results demonstrate that the cross-hatched scaffold structure preferentially 
promotes molecular transport vertically through the layers (z-axis), with more restricted diffusion in 
the directions of the fibre layers (x-y plane).  Diffusivity in the x-y plane was observed to be invariant 
to the fibre thickness. The characteristic pore size of the fibre scaffolds can be probed by sampling 
the diffusion tensor at multiple diffusion times.  Prospective application of diffusion tensor imaging 
for the real-time monitoring of tissue maturation and nutrient transport pathways within tissue-
engineering scaffolds is discussed. 
 
 
 
 
 
 
 
 Introduction 
Tissue engineering holds great promise for the customised fabrication of 3d tissues and organs.  It is 
a multidisciplinary field which links advanced materials and fabrication technologies with biological 
agents such as cells and growth factors to produce biophysical substitutes for the replacement or 
restoration of lost tissue or organ function 1.  Research strategies can be broadly grouped into three 
approaches; exogenous scaffold-based fabrication 2, direct cell-based methods 3 and hybrid methods 
which integrate cells and metabolites with polymer scaffolds during fabrication 4.  Cell-based 
methods directly fabricate tissue using only living cells, proteins and other biomaterials, often 
supported within hydrogels5.   Such techniques include solid free forming, inkjet printing, stereo-
lithography, cell sheet lamination and bio laser printing 6–9.  Although the resulting structures have 
well defined anatomical geometries and specific cellular arrangements 10, their utility can be 
compromised by a relatively limited mechanical resistance and stiffness 11.  Scaffold and hybrid 
techniques are capable of producing mechanically stiff engineered tissue constructs suitable for 
implantation.  Their success, however, depends on a very well defined internal micro-architecture 
that is conducive to the attachment, infiltration, growth and function of the required cells, as well as 
the facile transport of nutrients and metabolites through the scaffold 12,13.  Advances in fabrication 
capabilities are overcoming these limitations, enabling the fabrication of 3d scaffolds with a highly 
controlled internal micro-architecture. A thorough understanding of molecular transport dynamics 
within these scaffolds is one of the key requirements of successful scaffold design. 
Electrospinning is a well established method for the fabrication of fibrous scaffolds with random 
fibre distributions 14.  By combining melt electrospinning with a controllable x-y stage, direct writing 
of fibres2 is achieved using fundamentals of additive manufacturing 15.  The use of direct writing 
processes with melt electrospinning has been successful in producing controlled fibre deposition 
enabling the fabrication of scaffolds with well-defined 3d architectures.  Melt electrospinning is 
more suitable for biological purposes than conventional fused deposition modeling (FDM) 
techniques as it can fabricate scaffolds with significantly smaller fibre sizes and therefore higher 
surface area to volume ratios 16.   
Although studies of the penetration rates of cells into electrospun scaffolds exist 14,16–18, there 
remains limited research on the quantitative relationship between scaffold micro-architecture and 
molecular transport.  Filling this gap is the overall aim of this research.  The objective of this work 
was to explore the use of magnetic resonance imaging for characterisation of molecular transport 
within the microstructure of fibre scaffolds.  Diffusion-tensor microimaging (μDTI) was used to 
observe the time-dependent diffusivities and diffusion anisotropy of H2O within 2 melt electrospun 
scaffolds fabricated with 90 degree cross-hatch architecture.  This architecture was chosen as it 
represents a fundamental building block in advanced electrospun scaffolds comprising complex fibre 
microstructures.  Beyond initial scaffold characterisation, the study aims to identify the required 
imaging parameters and measurement limitations of diffusion tensor micro-imaging for this 
purpose.  Structural and diffusion anisotropy was characterised through complementary analysis of 
diffusion tensor and computed tomography microimaging.  The long-term aim of this research is to 
evaluate the suitability of diffusion tensor microimaging for non-invasive, real-time characterisation 
of cell growth and the evolution of molecular transport pathways in tissue regeneration applications.  
 
  
Materials and Methods 
PCL scaffolds. 
Three-dimensional polycaprolactone (PCL) scaffolds were produced using proprietary melt 
electrospinning direct writing techniques according to previous methodology 2,19, with the following 
changes;  PCL (Capa 6400, Perstorp UK Limited) was melted in a syringe at 63 0C.  The polymer was 
pumped at 40 µL/h using a syringe pump (World Precision Instruments, AL-1000).  Dual powerpacks 
provided a voltage of 3.5 kV to the tip of the needle and -7 kV to a metal stage for a total potential 
difference of 10.5 kV.  The distance between the tip and stage was kept constant at 10 mm.  The 
stage was then moved using computer numerically controlled (CNC) stepper motors controlled via 
Mach3 (ArtSoft, USA) (see Fig. 1(a)).  
Two PCL fibre scaffolds, scaffold A and scaffold B, were fabricated using regular fibre spacing of 150 
μm and fibre diameters of 10 μm and 50 μm, respectively, as illustrated in Fig. 1(b).  These 
parameters give projected fibre volume fractions of 0.05 for Scaffold A and 0.26 for Scaffold B. 
The scaffolds were produced with horizontal dimensions of 25x25 mm and a vertical dimension of 
approximately 2 mm.   
X-Ray micro-tomography (μCT) 
PCL scaffolds were dried in a vacuum oven at 50 0C and -60 kPa for 6 hours to remove any water 
pockets. The scaffolds were scanned in air using the µCT 40 microcomputer tomography scanner 
(Scanco Medical, Brüttisellen, Switzerland) at an energy of 45 kVp and intensity of 177 µA with 300 
ms integration time. Scans were constructed into 3d models using isotropic voxels with a resolution 
of (6 µm)3 per voxel. The scans were analysed using the distance transformation method to 
determine pore size and fibre diameter.  
 
Magnetic Resonance Microimaging 
Magnetic Resonance Imaging was performed using a 300 MHz Bruker Avance MR spectrometer with 
a vertical bore 7 T magnet.  A Micro2.5 micro-imaging probe was used with a 15 mm birdcage 1H 
resonator as the radiofrequency coil (Bruker, Germany) and the system was equipped with a 1.1 T/m 
triple-axis gradient set.  Each PCL scaffold was cut to approximately 1 cm across.  Scaffold A was 
placed in a solution of 5 molar NaOH for 24 hours to enable wetting of the polymer fibre surface.  
This solution was subsequently flushed and the scaffold was placed in reverse-osmosis water for a 
further hour.  In order to remove air pockets, the scaffold was placed in a vacuum chamber for 1 
hour followed by an ultrasonic bath for 30 min.  Scaffold B was placed in the NaOH solution for 48 
hours and soaked in reverse osmosis water for 72 hours, followed by vacuum exposure and 
sonication, with the longer treatment time chosen due to the smaller pore size of this scaffold.  The 
success of the scaffold pre-treatments was confirmed using T2 weighted imaging as described 
below.  The scaffolds and water were then placed inside a 15 mm Wilmad NMR tube.  Teflon plugs 
were placed above and below the sample to support the scaffolds during imaging as well as restrict 
the surrounding H2O in order to maximise the signal to noise ratio.  The samples were oriented in 
the spectrometer so that the scaffold layers (x-y plane) were perpendicular to the magnetic field, Bo. 
All MRI measurements were made at room temperature.  
The scaffold dimensions were measured using MR images;  (1) scaffold A: transverse dimensions, 9.5 
mm x 11 mm; vertical dimension (height), 1.7 mm.  Using the design parameters, this equates to 66 
parallel fibres in each layer with ~150 layers.  (2) scaffold B: transverse dimensions, 11.5 mm x 10.5 
mm; vertical dimension (height), 2.3 mm.  Using the design parameters, this equates to 73 parallel 
fibres in each layer with ~50 layers.   
T2 weighted axial MR images were acquired for each scaffold using multiple-slice multiple-echo 
(MSME) imaging pulse sequences (x-y imaging plane, slice thickness of 0.5 mm centred on each 
sample, in-plane resolution 56×56 μm, 12 image averages).  These images were used to ensure 
successful hydration prior to the diffusion measurements as well as confirm the successful removal 
of air pockets  by the sample pre-treatment process. (Fig. 2(c,d)).   
Diffusion tensor images were obtained using a single-echo diffusion-weighted spin-echo sequence.  
Five evenly spaced vertical slices were imaged with a slice thickness 300 μm and in-plane spatial 
resolution 300 × 300 μm (image matrix size 100 × 100; field of view 30 × 30 mm).  The repetition 
time for all measurements was 4000 ms.  The diffusion tensor was sampled along 20 evenly 
distributed gradient directions. Three diffusion experiments were performed on each scaffold: (1) 
diffusion time (Δ) 50 ms; gradient pulse duration (ߜ) 3.5 ms; echo time (TE) 60 ms; 6 image 
averages; imaging time ~14 hrs; (2) Δ = 200 ms; ߜ =	 3.5 ms; TE = 210 ms; 14 image averages; 
imaging time ~34 hrs, (3) Δ =  250 ms; ߜ = 3.5 ms; TE = 260 ms; 16 image averages; imaging time ~39 
hrs. 
Following imaging, the voxel-specific diffusion tensor was determined using a linearised least-
squares fit of the diffusion-attenuation equation 20 to the measured signal amplitudes. This was 
done using in-house Mathematica (Wolfram Research, Illinois) code based on previously published 
work 21.  In each imaging slice, two regions-of-interest (ROIs) were selected: an ROI containing only 
voxels with isotropic saline (used for calibration of the gradient amplitudes) and an ROI with voxels 
fully contained within the scaffold sample. The eigenvalues (diffusivities) and the corresponding 
eigenvectors of the diffusion tensor within the scaffold ROI voxels were computed. Histograms of 
the voxel-specific diffusivities were produced, and the corresponding average diffusivities and 
standard deviations were computed.  
 
  
Results 
MicroCT 
The 3d images of the μCT scans shown in figure 2(a) and 2(b) for scaffolds A and B, respectively, 
shows the 90 degree cross-hatch architecture and relative fibre dimension and spacing.  Table 1 
shows the pore size, eigenvalues of the mean intercept length tensor (MIL), and the theoretical and 
measured porosity for both scaffolds.  Scaffold B, with the thicker fibres, was observed to have a 
slightly larger pore size.  All three MIL tensor eigenvalues were observed to be smaller in scaffold B 
than scaffold A.  The porosities were larger in scaffold A, with a measured value of 83.6% for scaffold 
A and 78.5% for scaffold B. 
T2-weighted MRI 
The cross-hatch pattern of the fibres is clearly visible in the T2 weighted images of both scaffolds in 
Fig. 2(c,d).  On close inspection, the image of scaffold A shows more visible fibres than scaffold B: 
scaffold A, ~50 fibres; scaffold B, ~10 fibres.  The imaging resolution of ~56 μm is similar to the fibre 
thickness of scaffold B and the transverse fibre separation of 150 μm equates is approximately 3 
imaging pixels.   
 
Diffusion tensor imaging 
Testing of the imaging parameters and data processing software was performed by measuring the 
DT of bulk water.  The resulting averaged eigenvalues were of (2.3 ± 0.1) × 10-3 mm2 s-1, (2.3 ± 0.2) × 
10-3 mm2 s-1, and (2.29 ± 0.04) × 10-3 mm2 s-1 for the z, x and y axes, respectively.   These values 
correspond to the accepted bulk water diffusion coefficient of approximately 2.3 × 10-3 mm2 s-1. 
Figure 3 shows the distribution of diffusivities along each principal direction for each scaffold (x, y 
and z) and for each diffusion time (∆	=	 50 ms, 200 ms and 250 ms).  These probability density plots 
are based on a smooth kernel histogram estimate of the respective DT eigenvalues.   The average 
diffusivities for the x-axis and y-axis are approximately the same at each ∆.  A relative broadening of 
the distribution of transverse diffusivities is also apparent compared to the vertical diffusivities.  
Generally, a broadening of the distributions is observed for increasing	∆.  This larger variation results 
from the greater number of interactions between the diffusing water molecules and the scaffold 
microstructure at longer diffusion times. 
The time-dependent diffusivities for both scaffolds are shown in Fig. 4.  The solid dots show the 
average diffusivity along the vertical direction and correspond to the red arrows in Fig. 3.  The 
hollow dots indicate the average diffusivity in the transverse plane.  The solid and dashed lines are a 
least squares fit of the diffusivities to a 2nd order polynomial, and are included for illustration 
purposes. 
 
 
 
 
  
Discussion 
 
Electrospun Scaffold Production 
Electrospinning was used in this work to fabricate scaffolds with highly controlled fibre spacing on a 
scale optimised for diffusion measurements.   Melt-electrospinning in direct writing mode builds 
upon the advantages of other additive manufacturing techniques but, through the use of controlled 
electric fields, allows the fabrication of structures using fibres with diameters in the tens of micron 
scale.  In the context of tissue engineering, the resulting structures have porosities and surface to 
volume ratios ideal for cell migration, adhesion and growth 24,25.  The results shown in Table 1 
indicate that scaffolds A and B have pore sizes of approximately 120 μm, which is in the ideal range 
for bone cell growth within scaffolds.  In addition, the scaffolds have high measured porosities of 
~80%, which is also desirable for tissue engineering purposes 25.  
 
As the electrospun fibres are guided by electric fields during fabrication, the stability of the fields is 
an important factor.  As the number of fibre layers increase, however, the fields are distorted by 
charge build up in the fabricated structure.  This limits the ability to precisely control the structure 
order and achieve the desired fibre spacing for thicker scaffolds; ultimately limiting the scale of the 
scaffolds.  For example, scaffolds produced using conventional electrospinning techniques in direct 
writing mode can produce regular structures at micron scales as demonstrated by Brown et al. 2, 
however this fibre order is only maintained over relatively few layers, with significant loss of order 
above ~0.5 mm.  The scaffolds of the present study were fabricated using an advanced 
electrospinning platform which enables precise control of the electric potential between the 
extruder and collector plate.  This mitigates the effect of charge accumulation in the extruded layers 
enabling the production of scaffolds with improved regularity and thickness. 
Both scaffolds were fabricated with identical 90 degree cross-hatch architectures and target fibre 
spacing of 150 μm, with a fibre thicknesses of 10 μm and 50 μm for scaffolds A and B, respectively.  
The cross-hatch pattern was chosen because it represents a fundamental microstructure that can 
form a building block for more complex scaffolds, as well as its common use in studies of melt-
electrospun scaffolds 2,12,24,26.  The fibre separation and different fibre thicknesses were chosen to 
produce scaffolds with different pore-sizes and internconnectivity.  This was to allow investigations 
into the sensitivity requirements of DTI to observe the effect of pore size on diffusivity and diffusion 
anisotropy at this scale.  
 
μCT Scaffold Characterisation 
Micro-computed tomography (μCT) imaging is a powerful method for assessing 3-dimensional 
structures such as scaffolds for tissue engineering purposes. It is a non-destructive method for 
determining geometric properties such as fibre size, pore size and porosity. Electrospun scaffolds 
were assessed using μCT analysis to confirm their geometric properties for evaluation of the results 
created via MRI scans.  
Fibre diameter and pore size were controlled throughout the production of the scaffolds by using 
the fundamentals of 3d printing. μCT analysis was used to assess this 3D printing technique and its 
ability to produce highly controlled architecture in the micro-scale range. Data collected was 
processed using a trabecular bone method; which output fibre diameter, pore size and porosity of 
the scaffolds.  μCT data was also used to assess anisotropy of the scaffold.   Anisotropy was assessed 
via the measurement of the mean intercept length (MIL) tensor. 
The results correlate with µDTI results and show that there is no statistically significant geometric 
difference between transverse axis (Hx/Hy) while there is a significant difference in the vertical axis 
(Hz). This result is to be expected as the 90 degree cross-hatch architecture should produce identical 
x and y morphologies.  The MIL is measured by randomly orienting vectors of set length through the 
scaffold.  Analysis of the μCT in Figs. 2(a,b) suggest that fibres are not perfectly stacked on top of 
each other, creating a smaller MIL tensor in the axial direction.   In addition, the MIL is sensitive to 
the distance separating the fibre layes.  However, it should be noted that although the MIL may 
describe scaffold morphology, it does not characterise diffusion anisotropy. 
Scaffold porosity is an important fundamental factor in tissue engineering, with demonstrated 
correlations between structure porousity and cell-seeding efficiency 22. Other important 
characteristics are the surface to volume ratio and permeability of the scaffold 17.  Melt 
electrospinning as a direct writing technique shows great promise as a successful tissue engineering 
technique due to its ability to use electric fields to control fibre deposition, resulting in scaffolds with 
high porosity and controllable pore size.  For fibre layers close to the collector plate, the ordering is 
very high, with less ordering as the number of layers increases due to charge buildup in the existing 
structure.  Figure 2(a,b) shows small sections of scaffold A and B taken approximately 1mm from the 
layer closest to the collector plate.  These images show that the electrospinning technique provides 
a controllable average interfibre distance. µCT analysis of the scaffolds that were produced showed 
porosities of 83.6 % and 78.5 % respectively (as shown in Table 1).  In addition, the average 
measured pore size for scaffolds A and B was 121.9 μm and 125.2 μm, respectively.   Studies indicate 
that scaffolds with high porosities and high surface-area to volume ratios are desirable for improved 
cell colonisation and tissue infiltration 22,23,24. For example, one study found that porosities in the 
order of 90% are ideal for successful tissue-polymer interactions and to allow adequate diffusion 
during tissue culture in musculoskeletal tissue engineering scaffolds 25. The ability for µCT to 
determine porosity without the use of mercury porosimetry or other invasive methods makes it an 
ideal method for studying samples which are scarce in supply, may be damaged by such chemicals or 
have poor pore interconnectivity 26. 
As µCT can directly measure the geometry of the scaffold, it is also possible to determine a number 
of other physical properties which are necessary for assessing properties that relate to biological 
activity. Important physical characteristics that relate to biological activity include: porosity, surface 
area to volume ratio, interconnectivity, pore size, fibre thickness, anisotropy, apparent surface area 
and permeability 26. Micro-CT characterisation is capable of providing these parameters in a non-
destructive manner, and a number of studies have categorized the use of µCT analysis against other 
standard methods of measurement 26,27 With the incorporation of µDTI, it is possible to directly 
measure the geometric properties and the molecular transport within the scaffold, both of which are 
essential for successful tissue engineered scaffold designs28.  
 
Diffusion 
Diffusion within tissue engineering scaffolds is a fundamental process that enables the transport of 
oxygen, nutrients and metabolites to and from growing tissue.  Quantitative experimental data 
concerning diffusion within scaffolds is desirable in order to enable the development of predictive 
models describing the relationship between molecular diffusion and scaffold micro-architecture.  It 
can also enable the modelling of changes in molecular transport pathways due to tissue infiltration 
into the scaffolds during the growth phase.  Theoretical models of restricted diffusion within 
partially aligned fibre networks have been developed and are a first-step investigation into this 
problem 32,33.  The theoretical and experimental models can form the basis for the development of 
next-generation scaffold designs in order to ensure optimised molecular transport within the 
regenerating tissue. 
Diffusion is a transport phenomenon resulting from the thermally driven random motion of 
molecules.  In the absence of barriers, diffusing molecules displace isotropically with a root-mean-
squared displacement given by, 
∆ݎ = √6	ܦ	∆                                                                                  (1) 
where D is the diffusion coefficient of the molecule, and Δ is the time-interval of the diffusion 
measurement ("diffusion time"). 
In heterogeneous environments, such as electrospun scaffolds, diffusion is usually restricted.  This is 
particularly the case in the layered electrospun scaffold of the present study; diffusion within a layer 
of fibres (the x-y plane) tends to be obstructed more than in the z direction.  To account for this,  
diffusion is characterised by an anisotropic diffusion tensor rather than the diffusion coefficient D.  
The diffusion tensor can be measured in a spatially resolved manner using diffusion tensor imaging 
(DTI).  This involves acquiring a set of diffusion-weighted images corresponding to different 
directions of the diffusion gradient.  These images are subsequently processed to create maps of 
diffusion tensors.  The eigenvalues and eigenvectors of these tensors describe the magnitude and 
principal directions of diffusivity, respectively.   
Because the diffusion tensor interrogates the geometry and internal organisation of the scaffold, DTI 
is extremely useful for characterising scaffold internal micro-architecture.  Diffusion tensor maps can 
provide 3d information about fibre spacing, uniformity, and predominant fibre orientation 
throughout the entire scaffold.  Target fibre spacing can be checked by comparing variations in the 
diffusion tensor between voxels.  Diffusion tensor maps are also useful in tractography analysis for 
mapping fluid channels 29.  For structures with regular internal micro-architectures, such as the 
scaffolds of the present study, diffusion tensor maps can be replaced with average diffusivity and 
diffusion anisotropy, as variations in the microstructure are not expected.  
Both the μCT MIL tensors and uDTI diffusion tensors for both scaffolds indicate anisotropy, with 
their principal vectors closely aligned with the z-axis.  However, the ellipsoids described by these 
tensors are very different, with the MIL tensor describing an oblate ellipsoid (Table 1) and the DT 
ellipsoid being prolate (Fig. 4).  These observations can be explained by considering the different 
features of the scaffold probed by each technique.  DTI measures diffusion and therefore provides 
direct information about molecular transport within scaffolds.  This is in contrast to μCT, which 
directly images the scaffold structure 23.   
The diffusion tensor in restricted environments depends on the diffusion measurement time (Δ).  At 
short diffusion times, only a small fraction of the diffusing molecules will encounter obstructions.  
Consequently, the diffusion tensor in this short-Δ regime is close to the isotropic bulk-water 
diffusion tensor and fails to interrogate the geometry of the obstructions effectively.  The anisotropy 
of the DT in this regime increases with increasing Δ at a rate proportional to the surface-to-volume 
ratio of the scaffold 30.   Time-dependent measurements of the diffusion tensor within this 
intermediate regime can therefore provide useful information about scaffold microarchitecture 31.  
The opposite extreme is very long diffusion time.  In this regime (the “long-Δ” regime) a large 
fraction of the diffusing molecules will encounter the obstructions, often many times.  The DT in the 
long-Δ regime eventually reaches an asymptotic value, such that further increase in Δ no longer 
results in changes in the measured diffusivities.  It is in this regime that the DT probes the scaffold 
microstructure in the most efficient way.  The characteristic time at which the transition from one 
regime to the other occurs depends on the bulk diffusion coefficient and the characteristic length-
scales of the pores 30.  As such, it is of interest to take measurements of the DT in the intermediate-Δ 
regime and observe the rate at which the long-Δ limit is approached.  This provides valuable 
information about the pore geometry, such as the characteristic fibre spacing 31. 
The time-dependent diffusivities of the electrospun scaffolds are shown in Fig. 4.  These indicate that 
the DTI measurements remain in intermediate-Δ regime.  To sample the DT in the long-Δ regime, the 
RMS displacements of the diffusing molecules would need to be larger than the characteristic pore 
length.  In the present study, the largest Δ achieved was 250 ms which corresponds to an RMS 
displacement of 59 μm; below the transverse fibre spacing of ~100 μm for scaffold B.  Molecular 
simulations in similar geometries suggest that in order to sample the long-Δ diffusivity, the RMS 
displacements need to be at least 1.5 times the pore-length 32,33.  To achieve comparable RMS 
displacements within the scaffolds of the present study, Δ values of between 1 and 2 seconds are 
required.  These relatively long diffusion times are difficult to achieve due to the decay of the 
magnetic resonance (MR) signal.  One method for overcoming this is to place the scaffolds in a 
H2O/D2O solution to improve the MR signal to noise ratio at longer measurement times.  While this 
approach may be possible for initial scaffold characterisation, it may be unsuitable for scaffold 
characterisation during the tissue growth phase due to effect of the D2O on the cells.  Another 
option is to measure the long-Δ DT for a given scaffold architecture for use as a benchmark value.  
This would subsequently allow the intermediate-Δ DT to be used to estimate the long-Δ DT in 
scaffolds with similar architectures. The advantage of this approach is that the benchmark long-Δ DT 
can be obtained for a given scaffold architecture in vitro, and long-Δ DT values predicted from the 
intermediate-Δ DT measurements for similar scaffolds in vivo. 
Advanced tissue scaffolds contain multi-scale interconnected pores for both the efficient flow of 
metabolites and the retention of synthesising cells.  These scaffolds are immersed in bioreactors 
which optimise fluid flow for tissue growth 34,35.  In areas of high flow-rate, advection dominates and 
diffusion plays a lesser role in matter transport.  However, with the onset of tissue infiltration, the 
fluid flow through highly tortuous and confined pore spaces becomes restricted and diffusion 
becomes the dominant transport mechanism.  Additionally, diffusion measurements can also be a 
proxy for the laminar flow within tissue engineering scaffolds.  Characterisation of diffusion is 
particularly relevant within electro-spun scaffolds which, by virtue of their micro-fibres, have very 
small pore sizes (see Fig. 2).  In the context of the delivery and removal of metabolites within 
scaffolds, measurements of diffusion anisotropy can provide information about the relative rates of 
transport along different directions within a volume element.  As the PCL material used in the 
fabrication of the scaffolds does not interact chemically with the water molecules, it is only the 
geometry which contributes to diffusion anisotropy.  With respect to the present study, the diffusion 
anisotropy apparent in Figs. 3 and 4 indicate that preferential molecular transport occurs vertically 
through the scaffolds, albeit with some residual transverse component.  Furthermore, this 
anisotropy increases with longer diffusion times for both scaffolds. 
DTI appears to be a highly promising technique for the real-time monitoring of tissue regeneration in 
scaffolds.  This is especially relevant for advanced scaffold designs which possess regions of varying 
fibre density and pathways for molecular transport.  By observing variations in the diffusion tensor 
throughout the scaffold, changes in scaffold morphology due to tissue infiltration can be 
determined.  This is particularly important as tissue infiltration reduces diffusivity within the scaffold, 
thereby potentially restricting oxygen transport and leading to unintentional hypoxia followed by 
cell death.  Conversely, features that restrict molecular transport can be incorporated into scaffold 
design, thereby inducing intentional hypoxia to stimulate and increase angiogenesis, thereby 
improving cell development 36.  As DTI is non-invasive, non-ionising and provides directional 
information about diffusion and diffusion anisotropy, it is potentially more suitable for biological 
investigations than other methods such as confocal microscopy and μCT.  In addition, DTI 
measurements can be combined with other magnetic resonance modalities which can provide 
complimentary tissue and scaffold microstructure information during tissue growth 37.  A novel 
bioreactor design can also be incorporated to enable the repeated transfer of developing scaffolds 
between the bioreactor and an MRI instrument under sterile conditions.  
The results in Fig. 4 indicate that the variation in measured diffusivities throughout the scaffold 
becomes greater when the diffusion time is increased.  This is potentially due to two factors; (1) The 
DTI voxel sizes are comparable to the scaffold fibre diameters.  As such, a given voxel can encompass 
a volume containing either no fibres, a part of a fibre or fibres, or multiple fibres.  Variations in 
diffusivities, therefore, reflect variations in the possible geometries within each voxel.  Comparisons 
of the degree of variation in the diffusion tensors throughout multiple periodic structures could 
consequently be useful as an indicator of the relative sizes of features within these structures. (2)  
The magnetic resonance signal used in measuring diffusion decays with time.  This leads to increased 
noise and subsequent variations in diffusivity measurements.  In contrast to the model scaffolds of 
the present study, scaffolds for engineering complex tissue and organs are designed with multi-scale 
pore sizes and complex pore interconnectivity.  In these cases, DT image maps could be a useful 
indicator of metabolite migration pathways within the scaffolds.  Furthermore, changes in these 
transport pathways during the tissue regeneration can also be mapped, leading to the development 
of theoretical models for guiding the design of scaffold micro-architectures optimised to facilitate 
the transport of nutrients and metabolites between the repair site and the surrounding tissue.   
 
  
Conclusion 
The results presented in this study form the basis for a quantitative experimental evaluation of 
molecular transport within scaffolds for tissue engineering.  This is important because molecular 
transport is fundamental to the exchange of nutrients and metabolites in tissue engineered 
scaffolds.  Model scaffolds were produced using a novel electro-spinning technique and 
characterised using μCT and μDTI.  As μCT directly observes microstructure and μDTI directly 
observes molecular transport, these techniques provide complementary information for superior 
characterisation of the scaffolds.  Diffusion ansitropy was observed and found to be consistent with 
the scaffold geometry, with the larger anisotropy apparent at longer diffusion times.  This work 
demonstrates that experimental diffusion tensor measurements of tissue engineering scaffolds can 
be useful for evaluating molecular transport within tissue engineering scaffolds. It also suggests that 
DTI is a promising experimental tool for the real-time monitoring of tissue regeneration processes 
that could have use in both in tissue cultures and in vivo.   
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Table  
 
 
 Pore Size Hx Hy Hz Porosity 
 [μm] [μm] [μm] [μm] Theo. Meas. 
Scaffold A 121.9 167.1 161.2 127.6 94.8% 83.6% 
Scaffold B 125.2 147.1 144.6 114.9 73.8% 78.5% 
 
Table 1: Comparative table showing the mean pore size and porosity for each scaffold and the 
corresponding mean intercept length (MIL) for each principal axis.  Hx, Hy and Hz are the eigenvalues 
of the MIL tensor. 
 
 
 
  
Figure Captions  
 
Figure 1.  
(a) Schematic of the melt electrospinning device used to fabricate the test scaffolds.  (b) Illustration 
of the scaffold geometry.  The blue rectangular prisms indicate idealised volumes of relatively facile 
diffusion. 
 
Figure 2.  
3d images of cropped μCT data: (a) scaffold A; fibre spacing ~150 μm, fibre thickness ~10 μm.  (b) 
scaffold B; fibre spacing ~150 μm, fibre thickness ~50 μm.  Insets show plan views μCT images of 
scaffold sections.  T2-weighted magnetic resonance images of fibre scaffolds using an axial slices 500 
μm thick; (c) Scaffold A, (d) Scaffold B. 
 
Figure 3.  
Smooth kernel density histograms of the diffusivities along the x, y and z axes shown as solid red 
lines, small dashed blue lines and large-dashed green lines, respectively.  The arrows indicate the 
average diffusivity for each axis.  The large-dashed grey vertical line indicates the free diffusion co-
efficient of water at 2.3 × 10-3 mm2 s-1.  (a), (c) and (e) show the diffusivities for scaffold A at Δ=50 
ms, 200 ms, and 250 ms, respectively.  (b), (d) and (f) show the corresponding diffusivities for 
scaffold B. 
 
Figure 4.   
The time-dependent diffusivities of the scaffolds.  The solid red dots are the diffusivity along the z 
axis, the hollow blue dots are the average of the diffusivities for the x and y axes.  The error bars are 
computed from the standard deviations.  The solid red and dashed blue lines are polynomial least-
squares fits to the data for illustration purposes.  (a) results for scaffold A; (b) results for scaffold B. 




